The dialogue between cancer cells and the surrounding fibroblasts, tumor-associated macrophages (TAM), and immune cells can create a tumor microenvironment (TME) able to promote tumor progression and metastasis and induce resistance to anticancer therapies. Cancer cells, by producing growth factors and cytokines, can recruit and activate fibroblasts in the TME inducing their transdifferention in cancerassociated fibroblasts (CAFs). Then, CAFs, in a reciprocal cross-talk with cancer cells, sustain cancer growth and survival and support malignancy and tumor resistance to therapies. Therefore, the identification of the molecular mechanisms regulating the interplay between cancer cells and fibroblasts can offer an intriguing opportunity for novel diagnostic and therapeutic anticancer purpose. HIPK2 is a multifunctional tumor suppressor protein that modulates cancer cell growth and apoptosis in response to anticancer drugs and negatively regulates pathways involved in tumor progression and chemoresistance. HIPK2 protein downregulation is induced by hypoxia and hyperglycemia and HIPK2 knockdown favors tumor progression and resistance to therapy other than a pseudohypoxic, inflammatory, and angiogenic cancer phenotype. Therefore, we hypothesized that HIPK2 modulation in cancer cells could contribute to modify the tumor-host interaction. In support of our hypothesis, here we provide evidence that culturing human fibroblasts (hFB) with conditioned media derived from cancer cells undergoing HIPK2 knockdown (CM siHIPK2 ) triggered their transdifferentiation CAF-like, compared to hFB cultured with CM-derived from HIPK2-carrying control cancer cells. CAF transdifferentiation was identified by expression of several markers including α-smooth muscle actin (α-SMA) and colla-
gen I and correlated with autophagy-mediated caveolin-1 degradation. Although the molecular mechanisms dictating CAF-transdifferentiation need to be elucidated, these results open the way to further study the role of HIPK2 in TME remodeling for prognostic and therapeutic purpose. 
| INTRODUCTION
The interplay between cancer cells and the surrounding tumor microenvironment (TME), including fibroblasts, immune system, vasculature, and extracellular matrix (ECM) components may contribute to cancer progression and resistance to anticancer therapies. 1 The TME of most solid tumors, including colon, is characterized by "fibroblast-like cells" that undergo transdifferentiation into cancer-associated fibroblasts (CAFs), myofibroblasts-like cells that express α-smoothmuscle actin (α-SMA). 2 CAF are characterized by a more rapid proliferative rate, enhanced collagen production, secretion of growth factors, and extracellular matrix (ECM) modulators 3 and, when activated by tumor cells, secrete various growth factors, cytokines, and chemokines that promote tumor progression in an interplay with cancer cells. 3 The serine/threonine homeodomain-interacting protein kinase 2 (HIPK2) is a "caretaker" gene as its activation, usually in response to DNA damage, inhibits tumor growth while its inactivation, by hypoxia or hyperglycemia, increases tumor progression and chemoresistance. 4 HIPK2 activation plays a crucial role in apoptotic function of p53 oncosuppressor, in order to induce cancer cell death 5 and in p53 misfolding. 6, 7 HIPK2 downregulates Wnt/β-catenin signaling pathway 5 that is often hyperactivated in cancer and strongly regulates cancer invasion by promoting the epithelial mesenchymal transition (EMT). 8 HIPK2 corepresses vimentin, a driver for EMT and tumor invasion that induces chemotherapeutic resistance and poor prognosis. 9 HIPK2 corepresses hypoxia inducible factor 1α (HIF-1α), 10 a major player in cancer progression through transactivation of HIF-1 target genes involved in angiogenesis, glucose metabolism, chemotherapeutic resistance and invasion. 11 On the other hand, HIPK2 depletion activates β4 integrin transcription and the Akt pathway, promoting anchorage-independent growth and invasion 12 and induces HIF-1-mediated cyclooxygenase-2 (COX-2) upregulation and prostaglandin E2 (PGE2) generation, promoting colon cancer cell invasion and immunosuppression. 13 HIPK2 gene is rarely mutated while HIPK2 protein undergoes degradation by hypoxia 10 or hyperglycemia, 14 two conditions often associated with increased cancer progression and resistance to therapies, suggesting the need of cancer cells to inactivate HIPK2 for their survival.
The above background demonstrates the fundamental role of HIPK2 in controlling pathways involved in cancer progression and chemoresistance, however, the HIPK2 role in cancer cells crosstalk with the TME, and with fibroblasts in particular, has never been addressed. In this article, we provide evidence that culturing fibroblasts with conditioned media (CM) derived from HIPK2-depleted colon cancer cells (CM siHIPK2 ) increased fibroblasts transdifferentiation CAF-like, compared to fibroblast cultured with CM derived from siRNA cancer cells (CM siRNA ). We hypothesize that loss of HIPK2 function may deregulate pathways in cancer cells that contribute to TME remodeling and in particular to fibroblasts transdifferentiation CAF-like, in order to sustain tumor progression and chemotherapeutic resistance.
| MATERIALS AND METHODS

| Cell culture and reagents
The human RKO colon cancer cells, stably interfered for HIPK2 function by siRNA (siHIPK2) and control siRNA cells (siRNA) 6 (Figure 1a ) were routinely cultured in RPMI 1640 (Life Technologies-Invitrogen) and human primary foreskin fibroblasts (FB1329, herein referred as hFB) 15 were cultured in DMEM (Life Technologies-Invitrogen), supplemented with 10% FBS (GIBCO-BRL, Grand Island, NY), plus 100 units/ml penicillin/ streptomycin, in 5% CO 2 humidified incubator at 37 C. Fibroblasts were kept at low passages. The ROS inhibitor N-acetyl-L-cysteine (NAC) (Sigma-Aldrich, St Louis, MO) was used at 10 μM; inhibitor of autophagic protein degradation, cloroquine (CQ) (Sigma-Aldrich) was used at 25 mM.
| Treatment of cells with conditioned medium
For CM collection, RKO-siRNA and RKO-siHIPK2 cells were grown to over 70% confluence in 10 mm Petri dishes in DMEM with 10% FBS. The medium was refreshed with serum-free DMEM and cells were cultured for 48 hr. For the experiments in high glucose (HG), RKO were cultured in DMEM medium containing 4.5 g/l D-glucose (HG), as previously reported. 16, 17 The media were collected and centrifuged at 1,000g for 10 min, and the CM from RKO-siRNA (CM siRNA ), from RKO-siHIPK2 (CM siHIPK2 ) and from RKO high glucose (CM HG ) cells were filtered with a 0.22-μm membrane and stored at −80 C until use. At the same time, serum-free DMEM was set as the control. When hFB reached subconfluence, the medium was replaced by CM siRNA , CM siHIPK2 , CM HG , or serum-free DMEM, then cultured for another 48 hr in the presence or absence of NAC or CQ.
| Immunoblot analysis
After treatment, hFB were harvested, washed in PBS, and resuspended in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, pH 8.0, 150 mM KCl, 1 mM dithiothreitol, 1% Nonidet P-40) plus protease and phosphatase inhibitors (Sigma-Aldrich Chemical Company). After incubation on ice for 30 min, total cell lysates were centrifuges at 14,000g for 15 min at 4 C and the supernatant collected for western blot analyses. Samples were denatured in SDS sample buffer. Proteins were separated by loading 10-30 μg of total cell lysates on denaturing 8-20% SDS-polyacrylamide gel (BioRad) and electro-blotted onto polyvinylidene difluoride (PVDF) membranes (Millipore, Milan, Italy). Membranes were blocked with 5% nonfat dry milk in tris phosphate-buffered saline tween (TBST) (50 mM Tris pH 7.5, 0.9% NaCl, 0.1% Tween 20) for 30 min at room temperature and probed with primary antibodies: mouse monoclonal LC3B (1:1000) (Sigma-Aldrich, #L7543), mouse monoclonal p53 (1:1000) (DO-1) (Santa Cruz Biotechnology, CA, #sc-126), mouse monoclonal caveolin-1 (7C8) (1:1000) (Santa Cruz Biotechnology, #sc-53,564), and mouse monoclonal β-actin (1:1000) (Calbiochem, San Diego, CA, #CP01). Secondary antimouse IgGs conjugated to horseradish peroxidase (Bio-Rad Laboratories, Hercules, CA, #172-1011) was used (1:10000 in TBST) to detect primary antibodies. Immunodetection was carried out using chemiluminescence substrates (ECL kit, Amersham Biosciences, Freiburg, Germany) and recorded using Hyperfilm ECL (Amersham Biosciences). Densitometry was performed on ECL results with ImageJ software (http://rsb.info.nih.gov/hihimage/) and relative band intensity normalized to β-actin and plotted as protein expression/ β-actin ratio.
| Indirect immunofluorescence assay (IF)
After treatment, fibroblasts were washed with PBS and fixed with 2% paraformaldehyde (Electron Microscopy Science) for 30 min at RT. Then fibroblasts were incubated with primary rabbit polyclonal anti alpha smooth muscle actin (αSMA) (Abcam, #ab5694), or rabbit polyclonal anti collagen I (Abcam, #ab34710) antibodies for 1 hr at RT, washed with PBS and incubated with the secondary antibody Goat Anti-Rabbit IgG H&L (FITC) (Abcam, #ab6717), for 45 min. Cells were also stained with DAPI (4 0 ,6 0 -diamidino-2-phenylindole) (1 μg/ml) (Sigma-Aldrich) and slides were observed by fluorescence microscope (Olympus BX53).
| RNA extraction and semi-quantitative reverse transcription (RT)-PCR analysis
Cells were harvested in TRIzol Reagent (Life Technologies-Invitrogen) and total RNA was isolated following the manufacturer's instructions. The first strand cDNA was synthesized from 2 μg of total RNA with MuLV reverse transcriptase kit (Applied Biosystems). Semi-quantitative reverse-transcribed (RT)-PCR was carried out by using Hot-Master Taq polymerase (Eppendorf) with 2 μl cDNA reaction and genes-specific oligonucleotides under conditions of linear amplification. PCR products were run on a 2% agarose gel and visualized with ethidium bromide. The housekeeping 28S gene, used as internal standard, was amplified from the same cDNA reaction mixture. Densitometric analysis was applied to quantify mRNA levels compared to control gene expression.
| Statistical analysis
Each experiment was performed at least three times. Results are reported as the mean ± SD. Statistical significance was determined using one-way ANOVA analysis (post hoc Bonferroni) using GraphPad Prism software (San Diego, CA). A value of p < .05 was considered statistically significant.
| HIPK2-modulated pathways are involved in fibroblasts transdifferentiation
We have previously shown that loss of HIPK2 function in cancer cells increases metabolic profiles of phosphocholine, lactate, myo-inositol and total creatine, involved in glycolysis, tricarboxylic acid cycle, and phosphatidylcholine metabolism, suggesting glycolytic activation. 18 Metabolic reprogramming is characterized by increased cellular glucose uptake, hyperglycolysis, and lactate production and is considered a hallmark of cancer leading to tumor progression and adaptive/acquired resistance to antitumor therapy, 19 another tumor promoting hallmark of cancer cells depleted of HIPK2 function. In addition, we previously found that HIPK2 knockdown upregulates NADPH oxidase 1 (Nox1), a homolog of the catalytic subunit of the superoxide-generating NADPH oxidase, involved in tumor progression and generation of reactive oxygen species (ROS). 20 The ROS production and the lactic acid release by cancer cells play an important role in fibroblast transdifferentiation into CAFs 21 by inducing autophagy in stromal fibroblasts that reduces caveolin-1 expression promoting the activation of fibroblasts into CAFs. 22 Caveolin-1 is highly expressed in fibroblasts, adipocytes, and endothelial cells and is involved in the regulation of several cellular processes, including cell signaling. 23 Importantly, caveolin-1 in fibroblasts can undergo autophagic degradation induced by tumor cells crosstalk and reduced caveolin-1 expression is a hallmark of the aggressive CAF phenotype in cancer patients. 24, 25 Autophagy is usually upregulated in cancer cells to cope with the shortage of nutrients and the hypoxic conditions in which these cells are forced to survive are among the main intracellular signal transducers sustaining autophagy. 26 Here, for the first time we report that autophagy was induced in fibroblasts cultured with CM siHIPK2 , compared to fibroblasts cultured with CM siRNA and that autophagy was counteracted by the ROS scavenger NAC (Figure 1b ), suggesting that the oxidative stress of HIPK2 knockdown cancer cells could contribute to fibroblasts activation in the stumor stroma. Compared to control CM siRNA , culturing fibroblasts with CM siHIPK2 reduced caveolin-1 levels that were rescued by blocking autophagy with CQ ( Figure 1c) ; interestingly, we also found reduction of p53 levels in fibroblasts cultured with CM siHIPK2 (Figure 1c , compare Lane 1 with Lane 3). Although the molecular mechanisms need to be clarified in our setting, loss of p53 in stromal fibroblasts has been shown to enhance tumor growth and metastasis and has been found in patientsderived CAFs. 27 The transdifferentiation CAF-like was assessed by increased αSMA and collagen type I expression in fibroblasts cultured with CM siHIPK2 compared to fibroblasts cultured with CM siRNA (Figure 1d) ; moreover, we found upregulation of fibroblast activation protein (FAP) and cytokine IL-6 expression in fibroblasts cultured with CM siHIPK2 compared to fibroblasts cultured with CM siRNA (Figure 1e ); fibroblasts cultured with CM of RKO cells cultured in high glucose condition (CM HG ) showed upregulation of FAP and cytokine IL-6 expression ( Figure 1e ), similarly to fibroblasts cultured with CM siHIPK2 , in support of our findings that high glucose degrades HIPK2. 14 The serine protease FAP is expressed in the tumor stroma but not in healthy tissues, which makes it an attractive candidate for targeting CAFs, thus studies involving targeting of FAP are under way and IL-6 in the TME contributes to tumor cell growth, angiogenesis, invasion, and metastasis. 28 Altogether, these findings make us to hypothesize that HIPK2 modulation in cancer cells could contribute to TME remodeling by promoting fibroblasts transdifferentiation CAF-like although a direct link, the underlying molecular mechanisms and whether HIPK2 kinase activity plays a role, need to be clarified.
| HIPK2 is degraded by high glucose condition
Given its pivotal role in negatively regulating several pathways involved in tumor progression, a functional HIPK2 protein is required for an efficient anticancer therapy response and to restrain tumor progression. Interestingly, we previously demonstrated that HIPK2 can undergo protein degradation in high glucose condition, inhibiting p53 apoptotic activity in response to chemotherapeutic drugs. 14, 16, 17 This is a novel identified intratumoral condition impairing HIPK2 activity. As a proof of principle, HIPK2 degradation was achieved in cancer cells cultured in the presence of hyperglycemic sera derived from patients with type-2 diabetes compared to normo-glycemic sera derived from healthy donors. 14 The relevance of these findings comes from the fact that high blood glucose levels are associated with type-2 diabetes, metabolic syndrome, and obesity and high glycemic load strongly correlates with higher recurrence of colon cancer and resistance to chemotherapy-induced cell death. 29 Long-term hyperglycemia, indeed, may also activate pro-inflammatory factors such as interleukin-6 (IL-6), tumor necrosis factor-a (TNF-α), and cyclooxygenase-2 (COX-2) 30 known to promote development and progression of cancer; thus, chronic inflammation is considered a hallmark of cancer. 31 
| CONCLUSIONS
Overall, these data allow us to hypothesize that the loss of HIPK2 in cancer cells might deregulate pathways involved in cross-talk with the TME in order to support tumor growth and resistance to therapies, although the molecular mechanisms of such interplay need to be clarified. We can hypothesize a role for HIF-1, upregulated by HIPK2 knockdown 32 or by HIPK2 degradation in high glucose or hypoxic conditions; 14, 33 for intracellular ROS production following HIPK2 knockdown and NADPH oxidase upregulation; 20 or for glycolytic activation following HIPK2 knockdown. 18 The physiological conditions that trigger HIPK2 degradation are hypoxia and hyperglycemia. Hypoxia is a common metabolic condition found in solid tumors and impairs tumor chemosensitivity, induces angiogenesis and metastasis and reduces p53 apoptotic function. 33, 34 Similarly, hyperglycemia has been shown to reduce cancer cell response to therapies, conferring resistance to drug-induced cell death. 29, 30 Interestingly, we have shown that it is possible to target hypoxia and hyperglycemia to rescue both HIPK2 and p53 function, restoring tumor response to therapies, in vitro and in vivo 10, 35, 36 (Figure 2a ). Therefore, these data strongly support our hypothesis that a mutual interaction may exist between cancer cells that have lost HIPK2 function and F I G U R E 2 Schematic representation of HIPK2 function in TME. (a) Hypoxia and hyperglycemia induce HIPK2 degradation that consequently leads to impairment of p53 apoptotic function and induction of ROS, HIF-1 activity, and so on. Zinc supplementation can counteract the effects of hypoxia and hyperglycemia on HIPK2/p53 axis. (b) Hypothetic model of interplay between cancer cells and the TME, in particular with the stromal fibroblasts, with respect of HIPK2 levels in cancer cells fibroblasts activation in the TME. It would be interesting to validate whether this interplay may sustain cancer progression, chemoresistance, invasion, and angiogenesis, likely in a reciprocal interplay (Figure 2b) , in order to develop novel therapeutic anticancer approaches.
The cross-talk between tumor cells and CAFs has been also shown to produce immunosuppressive cytokines that promote polarization of M2-like tumor-associated macrophages (TAMs), with pro-tumorigenic properties. 28 Therefore, it would be interesting to evaluate whether the presence of CAF and TAM in patients-derived tissues could correlate them with HIPK2 levels and with those of caveolin-1 in CAF, in order to consider them markers of tumor progression. In addition, in vitro-co-culture systems comparing patients-derived CAF with fibroblasts of normal tissues or culturing fibroblasts with primary cancer cells expressing different levels of HIPK2, would confirm the role of this interplay. The characterization of such dialogue may allow to define targetable pathways to be combined with biomarkers of chemoresistance and immunosuppression to be translated in clinic.
